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A B S T R A C T
Thin ﬁlms of ﬂuorine doped tin oxide were deposited, by an aerosol assisted chemical vapour deposition route,
to study the eﬀect of scaling the growth rate. The eﬀect of precursor concentration on the growth rate of the ﬁlms
and the properties of deposited ﬁlms were compared. The ﬁlms were characterised by X-ray diﬀraction, scanning
electron microscopy, UV/vis spectroscopy, X-ray photoelectron spectroscopy and Hall eﬀect measurements. A
maximum ﬁlm growth rate of ca. 100 nm min−1 was observed, which is signiﬁcantly faster than previously
reported aerosol assisted studies. This method shows the ability of aerosol assisted methods to deliver high
growth rates whilst maintaining the ease of doping and control over stoichiometry.
G R A P H I C A L A B S T R A C T
1. Introduction
Chemical vapour deposition (CVD) routes are widely employed in
the production of thin ﬁlms for industrial applications, such as; solar
cells [1–3], ﬂat screen displays [4,5], self-cleaning surfaces [6–9] and
transparent conducting oxides (TCOs) [10–12]. For many of these
applications, atmospheric pressure CVD (APCVD) is the route employed
to synthesise the thin ﬁlm coatings. This methodology has a few
drawbacks, one of which is the need to have volatile precursors [4].
This limits the range of available precursors, with metal chlorides being
commonly employed, resulting in the need to process the exhaust gases
to remove HCl/Cl2 [13]. A second major drawback of APCVD routes is
the ability to dope the materials to improve the properties. Here, as well
as the availability of suitable precursors, the main issue is controlling
the incorporation of the dopant into the material. This is not a trivial
matter, as ﬂuid dynamics control the level of doping in the structure
[14]. Finally, tailoring of the material morphology is also diﬃcult to
achieve in many APCVD processes.
Even with the above limitations, APCVD is favoured for certain
industrial processes as it can deliver uniform conformal coatings, with
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high growth rates (up to 100s nm s−1) over large substrate areas [15].
This means that in industrial processes, many 100s of metres of material
can be coated per hour. It would be advantageous to develop other
routes towards industrial thin ﬁlm production that allow for the same
abilities, but reduce the drawbacks mentioned above. There are several
synthetic routes that could be used for this, such as spray-coating and
aerosol assisted chemical vapour deposition (AACVD). Of these two,
AACVD would be the best suited to being incorporated into current
industrial plants for thin ﬁlm depositions, as the aerosol can be
generated and carried to the processing line using the existing facilities.
AACVD relies on the ability to produce an aerosol from a solution
containing a suitable metal precursor. This aerosol is then carried to the
reaction chamber by a carrier gas, where it passes over a heated
substrate resulting in nucleation, reaction and ﬁlm growth. By being
solution based, there are many more available precursors for AACVD
synthesis than APCVD. The ability to control the dopant incorporation
is also much easier, as the dopant incorporation is directly proportional
to the concentration of dopant in the precursor solution [16,17].
AACVD also allows for better tailoring of morphology, as surfactants
and nanoparticles can be included in the precursor solution which can
then change the morphology present in the deposited ﬁlm [18–20].
Recently Yamada et al. have shown that ‘mist’ CVD methods can be
used to optimise materials for physical vapour deposition [21].
A wide variety of metal oxide thin ﬁlms have been synthesised by
AACVD methods making this an ideal technique to deposit functional
thin ﬁlm materials. Noor et al. were able to deposit thin ﬁlms of F-
doped SnO2 (FTO) by AACVD with resistivity values as low as
4 × 10−4 Ω□−1 [5]. The growth rate for these ﬁlms was ca.
10 nm min−1. Edusi et al. synthesised thin ﬁlms of TiO2 for photo-
catalytic applications [22]. In this study the growth rate was between 2
and 10 nm min−1. Chadwick et al. synthesised composite thin ﬁlms of
TiO2/SnO2 by AACVD [23]. In this study a maximum growth rate of
between 15 and 20 nm min−1 was observed.
One of the current drawbacks of AACVD is the relatively slow
growth rates, with typical lab-scale AACVD reactions giving growth
rates of ca. 10 nm min−1. This would be clearly too slow for many
industrial applications and before the beneﬁts of aerosol assisted
processes can be realised, the ability to deliver fast growth rates must
be demonstrated. A Web of Science search showed that there have been
over 340 publications in the past 5 years where AACVD has been used
to synthesise functional thin ﬁlms, however, to the best of our knowl-
edge, there has yet to be a systematic study on scaling AACVD.
Outlined in this paper is a route towards scaling AACVD for
industrial uses. We will focus on the ability to increase the growth rate
from 10s of nm min−1 to 100s of nm min−1. Coupled to this, we will
also explore the relationship between the ﬁlm growth rate and the
properties observed in the deposited ﬁlms and establish rules for scaling
aerosol assisted synthetic techniques. Finally, we explore whether
increasing the ﬂuorine concentration can deliver superior electrical
properties whilst maintaining high visible light transmission in the
deposited ﬁlms. We have chosen FTO as our system for this series of
experiments, as it is a well-characterised transparent conducting oxide
(TCO) material and so is ideal for determining the eﬀectiveness of this
process.
2. Experimental
All chemicals were used as bought: monobutyltin trichloride (95%,
Sigma-Aldrich), ammonium ﬂuoride (98%, Sigma-Aldrich) and metha-
nol (99.9%, Fisher). Compressed air was used as supplied from BOC.
The glass substrate used for depositions was 3.2 mm thick plain ﬂoat
glass with a 50 nm thick SiO2 barrier layer (Pilkington/NSG).
2.1. Thin ﬁlm synthesis
AACVD thin ﬁlm depositions were carried out as detailed elsewhere Ta
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[24], as in this study the F-doped SnO2 thin ﬁlms were optimised for
electrical and optical properties. The carbon block heater comprising
the lower half of the reactor was used to maintain the substrate
temperature using a k-type thermocouple. Depositions were carried
out on Pilkington silica-coated barrier glass (50 nm SiO2 coated on one
side of ﬂoat glass), with depositions occurring on the atmospheric
(silica barrier) side of the glass in order to prevent unwanted leaching
of ions from the glass into the thin ﬁlm [25]. Prior to deposition, the
glass substrates were cleaned with soapy water, isopropanol and
acetone and were then left to air dry. The substrate was then loaded
into the reaction chamber along with a second piece of ﬂoat glass
suspended 8 mm above (silica barrier layer pointing down) to ensure
laminar ﬂow during deposition. The AACVD of the ﬂuorine-doped tin
oxide (FTO) thin ﬁlms was achieved by synthesising a precursor
solution by dissolving monobutyltin trichloride and ammonium ﬂuor-
ide in methanol, the mol% of the ammonium ﬂuoride (NH4F) was either
15% or 30% relative to the tin. The monobutyltin trichloride (nBuSnCl3)
precursor concentration was varied between 0.2 and 2 mol dm−3.
Sample descriptions and lattice parameters can be found in Table 1.
The aerosol was generated by means of a pneumatic collision genera-
tion method, using a TSI Model 3076 Constant Output Atomiser, which
typically generated 0.3 μm-sized aerosol droplets. The aerosol was
carried to the reaction chamber by a stream of compressed air, which
was kept at a constant pressure of 2 bar during depositions. All ﬁlms
were deposited at 550 °C, as this has been previously shown to give
superior TCO properties [5]. Deposition times were ﬁxed at 5 min. After
depositions, the ﬁlms were allowed to cool naturally to room tempera-
ture. Deposited ﬁlms were handled and stored in air. All samples were
synthesised multiple times to determine the repeatability of the process,
the data presented is typical for the thin ﬁlms synthesised.
2.2. Thin ﬁlm characterisation
Scanning electron microscope images were recorded on a Jeol JSM-
6301F SEM at an acceleration voltage of 5 kV. Atomic force microscopy
(AFM) images were recorded using a Nanosurf easy scan Atomic Force
Microscope, equipped with a 10 μm tip in non-contact mode with
oscillating probe. The scan area was 5 μm× 5 μm with 20 nm scan
intervals. X-ray diﬀraction (XRD) patterns were recorded using a Bruker
D8 Discover X-ray diﬀractometer using monochromatic Cu Kα1 and Cu
Kα2 radiation of wavelengths 1.54056 and 1.54439 Å respectively,
emitted in an intensity ratio of 2:1 with a voltage of 40 kV and a
current of 40 mA. The incident beam angle was 1° and data was
collected between 5° and 66° 2θ with a step size of 0.05° at 2.0 s/step.
All diﬀraction patterns obtained were compared with database stan-
dards (ICSD). Unit cell volumes and lattice parameters were calculated
from the XRD data using unit cell volumes were calculated using GSAS
and EXPGUI programs. X-ray photoelectron spectroscopy was con-
ducted on a Thermo Scientiﬁc K-alpha spectrometer with monochro-
mated Al Kα radiation, a dual beam charge compensation system and
constant pass energy of 50 eV (spot size 400 μm). Survey scans were
collected in the binding energy range 0–1200 eV. High-resolution peaks
were used for the principal peaks of Sn (3d), O (1s), F (1s) and C (1s).
Data was calibrated against C1s (285.0 eV). Data was ﬁtted using CASA
XPS software. UV/vis spectra were recorded on a Perkin Elmer Lambda
950 UV/Vis/NIR Spectrophotometer in both transmission and diﬀuse
reﬂectance mode. A Labsphere reﬂectance standard was used as a
reference for the UV/vis measurements. Room temperature Hall eﬀect
measurements were carried out on an Ecopia HMS-3000 set up in the
Van der Pauw conﬁguration. Measurements were taken using a 0.58 T
permanent magnet and a current of 1 μA. Tests were carried out on
square-cut samples measuring ≈1 × 1 cm. Silver paint (Agar
Scientiﬁc) was used to form ohmic contacts, which were tested on the
in-built software prior to measurement. The Hall eﬀect method was
used to ﬁnd the ρ, μ and n using measured ﬁlm thickness values as
obtained from a Filmetrics F20 machine operating in reﬂectance mode,
in air, against an as-supplied FTO standard.
3. Results and discussion
3.1. Physical characterisation
For the ﬁlms deposited, in all cases XRD analysis showed only the
presence of the cassiterite phase, which has a tetragonal crystal
structure (space group: P42/mnm), of SnO2, Fig. 1. There was an
obvious change in preferential orientation, with the (200) diﬀraction
plane being favoured by higher precursor concentrations. This is shown
most clearly when comparing samples 4 and 6, both of these samples
had the same F:Sn ratio of 1:3.3 in the initial precursor solution,
however, sample 6 had a tin concentration of 1.0 mol dm−3 whilst
sample 4 had 0.5 mol dm−3 Sn conc. The XRD patterns clearly show
that sample 6 had preferred orientation towards the (200) plane,
whereas sample 4 showed preferred orientation towards the (101)
plane. It has been previously observed that ﬂuorine incorporation leads
to the promotion of the (200) diﬀraction plane [5,26], this suggests that
for the samples deposited from 1 and 2 mol dm−3 solutions there has
been successful incorporation of ﬂuorine. Noor et al. [27] have
proposed that there is a halide exchange occurring when a ﬂuoride
source is mixed with a metal chloride. This would also allow the
ﬂuorine to be in contact with the tin during crystallisation, which could
lead to greater ﬂuorine incorporation into the SnO2 lattice.
The XRD results also suggest that there is another process that also
aﬀects the preferential orientation. This could be due to the thickness of
the ﬁlms, with thinner depositions leading to greater strain promoting
the (110) plane. This eﬀect has been previously observed by Consonni
et al. who observed a change in preferential orientation from (110) to
(301) on increasing the thickness of FTO thin ﬁlms [28].
Film thickness measurements were achieved by ellipsometry mea-
surements, shown in Table 1. It is obvious from the data that as the
precursor concentration is increased, the ﬁlm thicknesses also increase.
This relationship is true up to a concentration of 1.0 mol dm−3,
however, above this concentration there is no further increase in ﬁlm
thickness. This is attributed to the viscosity of the precursor solution, as
at high precursor concentrations it became very viscous and the
collision atomiser could no longer draw the solution eﬀectively to be
atomised. The increase in ﬁlm thickness mirrors the change in
preferential orientation in the XRD patterns, Fig. 1, and so supports
the conclusion that the change in preferential orientation is due to
increased ﬁlm thickness.
As depositions were ﬁxed at 5 min, the maximum ﬁlm growth rate
achieved is 100 nm min−1, which is signiﬁcantly faster than typical
aerosol assisted CVD methods which have growth rates of around
10 nm min−1. The limiting factor was also the ability to deliver the
precursor solution to the atomising chamber, which suggests that the
growth rates could be further increased.
Reﬁnement of the lattice parameters was conducted on the samples
produced, as shown in Table 1. As the F− ion is smaller than the O2−
ion, upon ﬂuorine incorporation into SnO2, there is a contraction in unit
cell volume [29]. Both the 15 and 30 mol% ﬂuorine samples showed
the general trend of a contraction in the unit cell volume with
increasing Sn concentration, indicating that ﬂuorine incorporation
increases with increasing tin concentration. This trend mirrors the
change in preferred orientation, from (110) to (200), observed in the
XRD patterns for these samples. There was, however, one result that did
not ﬁt this pattern, which was for the lower concentration precursor
solution (0.2 mol dm−3) with 15% vol. F dopant, which had a cell
volume 71.57 Å3 which is substantially reduced when compared to the
unit cell volume for higher precursor concentrations. This indicates that
at lower concentrations of ﬂuorine and tin in solution, there is initially
a superior exchange between the chloride and ﬂuoride.
By combining the results of both the change in preferential
orientation, towards the (200), and the reduction in the unit cell
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volume from the lattice reﬁnement data indicates that ﬂuorine has been
successfully incorporated into the thin ﬁlms. Furthermore, the data
indicates that higher levels of ﬂuorine are incorporated when the
concentration of the precursors is increased in solution.
The optical properties of the ﬁlms were characterised by UV/vis
spectroscopy, Fig. 2. All ﬁlms displayed good visible light transmission,
with average optical transmission (λ= 400–700 nm) being ≥78%,
optical properties are summarised in Table 2. Interestingly, the ﬁlms
that displayed optical behaviour associated with low emissivity (low E)
coatings, were those that were deposited from the 1.0 mol dm−3
solutions, with the ﬁlms deposited from the 2.0 mol dm−3 solutions
not displaying this characteristic. Low E coatings are of interest due to
their inherent energy saving characteristics when applied to windows
as coatings. This eﬀect arises from a large proportion of the near IR
wavelengths being reﬂected due to free carrier absorption eﬀects.
Combining the XRD patterns and UV/vis data suggests the desired
properties of the ﬁlms can be tailored by manipulation of the
concentration of the precursors in solution with low E coatings
favoured by concentrations around 1.0 mol dm−3. This relationship is
diﬀerent from those obtained from atmospheric pressure chemical
vapour deposition [30] or spray pyrolysis [31,32], where increasing
the amount of precursor available results in ﬁlms with greater low E
characteristics.
To determine the morphology of the deposited ﬁlms, SEM images
were obtained, Fig. 3. Films deposited using a solution concentration of
0.2 mol dm−3 did show signiﬁcant space between at grain boundaries
and smaller grain sizes, Fig. 3a), this is attributed to the lower
concentration of Sn in solution.
Fig. 1. Typical XRD patterns for a) 15% F (by vol.) SnO2 thin ﬁlms and b) 30% F (by vol.) SnO2 thin ﬁlms. Sample descriptions can be found in Table 1. All ﬁlms were deposited by AACVD
at 550 °C using compressed air as the carrier gas. All ﬁlms show the presence of only the cassiterite phase of SnO2. Films were compared to ICSD standards (ICSD 154960).
Fig. 2. Typical UV/Vis/NIR spectra for a) 15 and 30% F 0.2 mol dm−3 depositions, b) 15 and 30% F 0.5 mol dm−3 depositions, c) 15 and 30% F 1.0 mol dm−3 depositions and d) 15 and
30% F 2.0 mol dm−3 depositions. All ﬁlms displayed good visible light transmission (≥78% transmission between 400 and 700 nm).
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For all other samples synthesised, the typical morphologies ob-
served are shown, Fig. 3b) and c). The increase in ﬂuorine concentra-
tion did lead to a change in crystallite size and shape, Fig. 3d), with
samples synthesised from 30 mol% F solutions all showing a larger
range of grain sizes than their 15 mol% F analogues. Apart from this,
however, there is little diﬀerence in the surface morphology of the
deposited ﬁlms, with all ﬁlms displaying pyramidal-like particles,
which are indicative of F-doped SnO2 ﬁlms grown by AACVD [5,24].
To determine how the surface roughness was aﬀected by the change
in precursor concentration, atomic force microscopy (AFM) measure-
ments were taken, Fig. 4. As shown, there is little diﬀerence in the
surface roughness on increasing the Sn concentration from 1 mol dm−3
to 2 mol dm−3 and the ﬂuorine concentration has little impact on the
surface roughness values either, with 15 and 30% F-doping (mol%)
showing a similar surface morphology. Root mean square roughness
(RMS) values ranged between 19.22 and 21.80 nm. The crystallite sizes
and shapes present in the AFM images match well with those found in
the SEM images, Fig. 3. The AFM measurements suggest that the
increase in either Sn or F concentration does not aﬀect the surface
morphology, with the electrical properties observed being dependent
on how well the ﬂuorine is incorporated into the SnO2 lattice. High
surface roughness is one way in which to increase light scattering for
solar cell applications, so being able to deposit rough surfaces with high
growth rates is of beneﬁt for this application [33,34].
X-ray photoelectron spectroscopy (XPS) was used to probe the
oxidation states of Sn and O and the level of incorporation of F in the
samples synthesised. Typical spectra for surface and bulk species of Sn
and O are shown in Fig. 5. In all cases, only Sn4+ was observed for all
samples, with the binding energy for the Sn3d5/2 peak being at
487.0 eV which matched literature values for SnO2 (± 0.2 eV) [35,36].
The surface O1s scan, Fig. 5b, showed a mix of OeSn, OeC and
OeH environments, the OeH signal is attributed to adsorbed water and
the OeC to surface carbon, both of these signals decreased upon etching
of the ﬁlms, with only OeSn detectable after 60 s of etching (~10 nm
etched into the ﬁlm). With further etching, up to 400 s (~55 nm etched
into the ﬁlm), no further observable change was noticed in either the
O1s or Sn3d environments. The OeSn binding energy was at 530.6 eV,
which matched literature values for SnO2 (± 0.2 eV) [37].
The F1s region was scanned to determine the ﬂuorine environment
present in the samples and ﬂuorine concentration was then determined
by comparing the area of the F1s peak against the Sn3d peak (once
relative sensitivity factors had been applied). The ﬂuorine 1s data was
noisy (spectra shown in supporting information), indicating that there
was a low concentration of ﬂuorine in the samples. The peaks were
generally centred around 648.8 eV, this is within 0.3 eV of other
literature values for F-doped SnO2 [5,27].
To determine whether the ﬂuorine was uniformly distributed
throughout the ﬁlms, the samples were etched and the F1s region
was scanned in detail. The F:Sn ratio, after correcting for relative
sensitivity of F1s and Sn3d, was compared to determine whether the
ﬂuorine was uniformly distributed. From this data, it was determined
that the concentration of ﬂuorine in the ﬁlms was consistent throughout
the ﬁlm from surface to bulk. There was no obvious surface segregation
of the ﬂuorine in any of the samples. The at.% of ﬂuorine in the samples
was between 0.5 and 1% for all ﬁlms produced. This level of ﬂuorine
incorporation did not change upon altering the Sn concentration from
0.2 to 2.0 mol dm−3, showing that aerosol assisted CVD methods can
reliably reproduce ﬁlm properties as the growth rates are increased.
Interestingly, the ﬂuorine incorporation was higher for the 15% F:SnO2
samples than the 30% F:SnO2 samples. This suggests that there is a
relationship between the amount of ﬂuorine in solution and the
proportion incorporated into the SnO2 lattice, with high levels of
ﬂuorine in solution leading to lower ﬂuorine incorporation into the
crystal lattice. This could indicate that there is a solubility limit for
ﬂuorine in the precursor solution. The incorporation of ﬂuorine into the
deposited ﬁlms was always signiﬁcantly lower than present in precursorTa
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solution, suggesting that the ﬂuorine is predominantly reacting to form
waste products. As the tin precursor contains carbon and the CeF bond
being energetically favourable, this could be the cause for the low level
of ﬂuorine incorporation in the deposited ﬁlms.
Although ﬂuorine was detected within the XPS data, the signal was
very weak with a high noise to signal ratio- this leads us to consider that
the at.% of ﬂuorine in the sample is below 1%, this is the threshold of
reliable detection for XPS. Therefore, although the ﬂuorine can be
detected and can be seen in both the UV/vis and Hall eﬀect data, the
measured values cannot be included as the error on these would be
larger than the value calculated from the XPS data.
3.2. Functional testing
To determine the conductivity of the ﬁlms, Hall eﬀect measure-
ments were obtained for all samples. These are summarised in Table 2.
All samples showed good visible light transmission of around 80%,
although the best ﬁlms for electrical conductivity had lower overall
visible light transmission. This could be improved by the inclusion of
anti-reﬂection coatings to bring these ﬁlms to above 80% transmission
between 400 and 700 nm [38,39].
Electrical conductivity data showed a trend with increasing Sn
concentration in the precursor solution, where increasing from 0.2 to
1.0 mol dm−3 led to a signiﬁcant reduction in both resistivity values (ρ)
and sheet resistances (RSh). The most dramatic decrease was seen for
the 15% F:SnO2 (by vol.) samples, where the sheet resistance decreased
by 3 orders of magnitude, from ~1740 to ~7 Ω□−1. The deposition
time for these samples was ﬁxed at 5 min, which is 6 to 8 times faster
than typical aerosol assisted CVD methods [40–42], but still achieving
excellent electrical and optical properties, which shows that aerosol
assisted CVD can deliver highly uniform conformal coatings whilst
maintaining excellent functional properties in the deposited ﬁlms.
When the concentration of ﬂuorine in solution was doubled, to 30%,
in general there was an improvement in the electrical conductivity of
the synthesised samples. This gave the lowest sheet resistance of
5.3 Ω□−1 for the sample deposited from the 1.0 mol dm−3 precursor
solution with 30% vol. F, which is lower than values quoted for
common industrial FTO thin ﬁlms (as shown in Table 2). This also
demonstrates that aerosol assisted chemical vapour deposition methods
can be scaled-up whilst maintaining excellent visible light transmission
and electrical conductivity. The limiting factor for increasing deposi-
tions growth rates being the ability to aerosol viscous solutions. This
also shows that tailoring of the processes can be easily achieved by
simple changes to precursor concentrations in solution - which is of
beneﬁt as processes such as atmospheric pressure CVD are much more
diﬃcult to achieve this level of control due to the need to determine the
mass ﬂow rates from vapour pressures of volatile precursors.
As X-ray photoelectron spectroscopy is only sensitive to around 1 at.
%, so although it was possible to determine that ﬂuorine had been
incorporated in all samples, determining the exact at.% was not
possible. The lattice parameters, however, do give an indication of
diﬀering ﬂuorine incorporation due to the diﬀerences in the calculated
lattice parameters, as shown Table 1. This is also supported by the UV/
vis spectra, which show that the samples 5 and 6 have the highest
reﬂectivity in near IR wavelengths, once again indicative of higher
ﬂuorine doping. This suggests that although the ﬂuorine incorporation
is low, very small diﬀerences in F at.% can have dramatic changes on
the properties of the ﬁlms. Furthermore, samples 5 and 6 also had the
highest number of charge carriers of any of the deposited ﬁlms with
both of these having double the number of charge carriers of the next
best performing ﬁlms, giving further evidence that there was a
diﬀerence in ﬂuorine doping into the deposited ﬁlms.
The eﬀect of ﬂuorine incorporation, into the SnO2 lattice, on the
properties of the resultant FTO thin ﬁlms can be seen by comparison of
the ﬁlms deposited from 1.0 and 2.0 mol dm−3 tin (with 15 mol% F).
Both of these ﬁlms had a thickness of around 500 nm (± 20) and so
diﬀerences in electrical properties can only be attributed to ﬁlm
morphology and incorporation of ﬂuorine into the structure. The XRD
patterns, Fig. 1a, for these samples show that the ﬁlms deposited from
the 1.0 mol dm−3 solution had a greater preferential orientation
Fig. 3. Typical SEM images for a) sample 2, b) sample 6, c) sample 7 and d) sample 8. All samples synthesised by AACVD at 550 °C, using compressed air as the carrier gas. Full sample
descriptions can be found in Table 1.
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towards the (200) diﬀraction peak when compared to the ﬁlms
deposited from the 2.0 mol dm−3 solution. The (200) diﬀraction peak
has been shown to be favoured by ﬂuorine incorporation into the SnO2
crystal lattice, with higher incorporation leading to greater preferential
orientation [5,43,44]. The same relationship is seen for samples
synthesised from solutions of 30% F 1.0 mol dm−3 and 30% F
2.0 mol dm−3. Elangovan et al. have also seen a similar relationship
with FTO ﬁlms grown by spray pyrolysis [45].
Doubling the F:Sn ratio in the precursor solution had a dramatic
eﬀect on the electrical resistivity for the 0.2 mol dm−3 samples. As
Table 2 shows, sample 2 had a sheet resistance of 300.4 Ω□−1,
whereas sample 1 had a higher sheet resistance of 1738.7 Ω□−1. This
was not the case for concentrations above, where each pair of samples
synthesised at the same Sn concentration but diﬀerent F concentrations,
such as samples 5 and 6, showed very similar electrical resistivity
values.
The results from the use of the collision atomiser show that there is a
clear relationship between the initial concentration of the precursors in
solution and the properties of the deposited ﬁlm. This relationship
shows that increasing the concentration of precursors in solution leads
to better electrical properties with little loss in optical transmission. The
main drawback of the collision atomiser is the ability to generate a mist
from highly viscous solutions; this is evident from the stalling of ﬁlm
growth rates when the precursor concentration is above 1 mol dm−3.
This can be overcome by using a diﬀerent method to develop the
aerosol from the precursor solution, such as a piezoelectric nozzle to
generate the precursor mist.
The ﬁlm growth rates shown here of up to 100 nm min−1, coupled
with the electrical properties that exceed typical commercial standards
and visible light transmission above 78% all show that aerosol assisted
CVD methods can be scaled without loss of desired functionality in the
deposited ﬁlms. Furthermore, the solution chemistry can also be easily
tailored to further enhance the properties displayed by the synthesised
materials. This shows the great potential of aerosol assisted CVD
methods to be used for industrial processes allowing access to a greater
range of precursors. Aerosol assisted CVD is also performed at atmo-
spheric pressure, which means that it can be integrated into current
industrial processes without the need for extensive modiﬁcations or
high vacuum conditions.
Aerosol assisted CVD techniques have been previously used to
synthesise a large range of functional materials including; TCO
materials, such as, doped ZnO [11,46,47], W-doped TiO2 [48] and
ITO; [42,49] photocatalysts; [50–52] solar cell materials; [53] gas
sensing [41,54] and photo-chromic materials [55]. With such a wide-
range of functional materials open to aerosol assisted routes, being able
to scale-up the synthesis whilst maintaining the ease of control over
doping, stoichiometry and availability of a wide range of starting
precursors is of paramount signiﬁcance. The results presented here are
a key step to proving the ability of aerosol assisted methods to be able
to show enhanced growth rates whilst still delivering high quality
materials.
4. Conclusions
Aerosol assisted chemical vapour deposition has been successfully
shown to be able to be scaled from ~10 nm min−1 to ~100 nm min−1
Fig. 4. AFM images for samples a) sample 5 b) sample 6 c) sample 7 and d) sample 8. The root mean square roughness varied between 19.22 and 21.80 nm for the samples shown. The z-
axis scale is 0.25 μm for all AFM images. Sample descriptions can be found in Table 1. For all images, a scale factor of 4 was used for the z axis. All samples synthesised by AACVD at
550 °C, using compressed air as the carrier gas.
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by increasing the concentration of the precursors in solution. This can
be related to mass ﬂow rates, as the solution concentration is increased,
there are a greater number of molecules of Sn and F precursors passing
through the reactor each minute, meaning that there is more of the
desired material available for reaction and ﬁlm growth. The thin ﬁlms
of FTO deposited were shown to have excellent electrical properties and
visible light transmission of ~80% which is the benchmark for
industrial coatings of TCO materials. The results were able to demon-
strate the ability of aerosol assisted synthesis to give precise control
over doping of materials, due to the solution based approach. This
synthesis route gives the possibility of delivering on-line high-through-
put synthesis of industrially important materials and also for the use of
a far greater range of precursors and dopants, opening up a large range
of potential new material syntheses.
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